As novel classes of two-dimensional (2D) materials and heterostructures continue to emerge at an increasing pace, methods are being sought for elucidating their electronic properties rapidly, nondestructively, and sensitively. Terahertz (THz) time-domain spectroscopy is a well-established method for characterizing charge carriers in a contactless fashion, but its sensitivity is limited, making it a challenge to study atomically thin materials, which often have low conductivities. Here, we employ THz parallel-plate waveguides to study monolayer graphene with low carrier densities. We demonstrate that a carrier density of ~2 × 10 11 cm −2 , which induces less than 1% absorption in conventional THz transmission spectroscopy, exhibits ~30% absorption in our waveguide geometry. The amount of absorption exponentially increases with both the sheet conductivity and the waveguide length. Therefore, the minimum detectable conductivity of this method sensitively increases by simply increasing the length of the waveguide along which the THz wave propagates. In turn, enabling the detection of low-conductivity carriers in a straightforward, macroscopic configuration that is compatible with any standard time-domain THz spectroscopy setup. These results are promising for further studies of charge carriers in a diverse range of emerging 2D materials.
Introduction
Currently, there is much interest in atomically thin, layered materials, including graphene [1] , hexagonal BN [2] , transition metal dichalcogenides (e.g., MoS 2 , WSe 2 ) [3, 4] , III-VI layered semiconductors (e.g., InSe, GaSe) [5, 6] , and black phosphorous [7] . These novel materials host two-dimensional (2D) carriers with unconventional properties that are promising for a wide range of applications in electronics, photonics, and optoelectronics. However, many of these emerging materials have rather low conductivities, which require high-sensitivity techniques in order to reveal their basic characteristics and provide insight into their novel band structure.
In the terahertz (THz) frequency regime, the complex conductivity, σ, of charge carriers can be conveniently determined without any contacts by using THz time-domain spectroscopy (THz-TDS) [8] . However, when applied to 2D materials, conventional THz-TDS usually requires tremendous efforts to detect finite signals because of the small interaction between THz radiation and the material. Since these materials are atomically thin, a normal incident beam in a standard transmission THz spectroscopy system experiences a very short-length interaction with the material.
One of the widely used methods to increase the response of 2D materials to THz radiation is by increasing the carrier density through "gating", i.e., by applying an external electric field in a transistor configuration [9, 10] . However, this is not always possible for general 2D materials and, more importantly, requires gate electrodes. One would also have to consider possible influences of gate-induced carriers in the substrate. A more convenient approach is to integrate graphene in a planar waveguide geometry. Demonstrations have been reported about the efficiency of such a geometry in the infrared/visible range for waveguide modulators [11, 12] and in graphene-based transistors and microcavities [13, 14] . However, these waveguide hybrid structures are not suitable for THz spectroscopy applications. Primarly because most of those devices operate at a specific frequency which is the main limiting factor of their exploitation in a broadband THz-TDS.
Here, we describe a sensitive, non-destructive, and versatile method for characterizing the conductivities of atomically thin materials in the THz range using a parallel-plate waveguide (PPWG). Such an approach is particularly attractive because the long interaction length inside a waveguide provides a high sensitivity. The achievable interaction length is only limited by the waveguide length. Furthermore, waveguide geometries allow one to readily probe the response of a 2D materials to different electromagnetic polarizations (electric field parallel or perpendicular to the 2D surface) through waveguide mode control. We previously studied highly conducting thin gold films using a similar setup [15] , while, in the present study, we successfully probed and characterized low-density carriers in a single atomic layer of graphene. The graphene layer was sandwiched between two MgO substrates and inserted into the PPWG. In this configuration, the interaction of the fundamental transverse electric (TE 1 ) mode to the graphene layer was optimal, leading to a substantial (~30%) change in transmission even for a sheet carrier density as low as 2 × 10 11 cm −2 . On the other hand, conventional normal-incidence transmission THz-TDS failed to detect any signal for this density. Furthermore, the transverse magnetic (TM) mode did not show any sign of interaction with the graphene monolayer, as expected, since the electric field in this mode is perpendicular to the 2D layer.
Technique
Two graphene samples (Sample A and Sample B), grown by chemical vapor deposition (CVD), were used in this study. Copper foil was placed in the deposition chamber and annealed at a temperature of 1000°C in a hydrogen/argon gas at a pressure of 1 Torr for 20 min. Methane was introduced into the chamber with a flow rate of 4 standard cubic centimeters per minute for 10 min. The sample was cooled for 20 min. in a hydrogen/argon gas. The grown graphene layer was then transferred onto a MgO (100) substrate, which is transparent in the THz frequency range. The dimensions of the MgO substrate were 30 mm (width) × 10 mm (length) × 0.5 mm (thickness). Half of the substrate was covered by CVD graphene. Raman spectra at different spots of the sample confirmed the single-layer nature of graphene. The intensity ratio of the G mode to the 2D mode in Raman spectra confirmed that monolayer graphene was grown (Fig. 1) [16] . The Fermi energy, E F , of the grown sample was also calculated from the G-mode peak position, ω G , using the formula ω G (cm Figure 2 shows a schematic illustration of the PPWG system used in this study. We used a waveguide made of two aluminum plates. The area of the aluminum plate surfaces was the same as that of the MgO substrate (30 mm × 10 mm). We inserted the substrate with graphene and another bare substrate on top of it inside the PPWG. Therefore, the separation between the waveguide plates was around 1 mm. The PPWG was set at the center of a four-parabolicmirror system. The THz emitter was p-type InAs excited by an 800-nm beam from a Ti:sapphire laser at a repetition rate of 80 MHz. A wire-grid polarizer was placed before the waveguide to control the polarization of the input THz beam. The THz input beam diameter was roughly measured with pinhole at the maximum electric field. The beam spot diameter was approximately 3mm. The experimental system was placed in a dry nitrogen environment to avoid water vapor absorption. The waveform transmitted through the other half part of the waveguide, in which two MgO substrates with no graphene were inserted, was used as the reference. Further details have been reported elsewhere [15] . Characterization measurements of each graphene sample were performed in two steps. First, we characterized the sample using PPWG THz-TDS. Then, the MgO substrate with graphene sample was removed from the waveguide assembly and placed in a cryostat. We annealed the sample at 445 K under a pressure of ~10 −7 Torr for one hour [10, 18] , followed by cooling for about four hours in the vacuum chamber, after which we immediately measured the sample again with PPWG THz-TDS. Fig. 2 . PPWG THz-TDS setup. The input electric field of the THz beam is polarized parallel (perpendicular) to the waveguide plates to excite TE (TM) mode by mean of wire grid polarizer. Here, the plate separation is determined by the thickness of the two MgO substrates (~1 mm). Then, the cutoff frequency for the fundamental TE mode (TE 1 ) is 0.06 THz while the fundamental TM mode has no cutoff frequency. The PPWG device is mounted on a controlled mechanical stage in order to move it in small steps (~1.5 mm) in the direction perpendicular to the THz wave propagation direction. For averaging purposes, ten time-domain THz waveforms were recorded for each of the reference side (PPWG without graphene) and the sample side (PPWG with graphene). Figure 3 shows typical fast Fourier transform amplitude spectra corresponding to the timedomain THz waveforms shown in the inset of Fig. 3 . The THz wave was TE-polarized, and the spectra were taken for Sample A before annealing. For PPWG THz TDS, we found that the accuracy of data was affected more by waveguide alignment than by the signal-to-noise ratio (SNR) of the low-temperature-grown GaAs detector. In order to take account of the nonuniformity coverage of the sample and misalignment effects of the waveguide, THz reference pulses and sample pulses are, respectively, recorded in ten different locations. Then, according to the definition in [19] , the SNR associated with the spectra was determined by the ratio of the mean value of THz spectrum amplitudes (10 spectra on the reference side) to its standard deviation.
We fitted the experimental data with a multimodal transfer function [15] . TE and TM mode dispersion equations were used to evaluate the propagation constant and the waveguide loss as a function of the sheet conductivity of the sample. Here, the absence of interferences in the experimental frequency-domain THz spectra (Fig. 3) suggests that single-mode propagation is realized. Then, in the frequency (ν) domain, the complex transmittance coefficient is defined as
where Ẽ MgO/Gr/MgO is the complex frequency-dependent electric field detected through the waveguide with graphene, Ẽ MgO/MgO is the electric field detected without graphene, Δφ is the experimental phase difference between the reference and the sample pulses, Δ ≡ Δ -Δ , is the propagation constant of the PPWG mode under consideration (TE or TM mode), and is the propagation loss. The length of the waveguide, , is 10 mm. Note that Eq. (1) works only for single-mode propagation, either in the TE mode or TM mode. The spectra of reference (black curve) and sample (red curve) were obtained after averaging over ten spectra. The absence of any obvious interference fringes in the frequency domain ensures single-mode propagation. The small dips are due to remaining water vapor in the system. The small values of SNR at low and high frequencies are due to the detection limit of the low-temperaturegrown GaAs photoconductive antenna receiver used.
Using waveguide theory with appropriate boundary conditions [15, 20] , we find the sheet conductivity in the TE mode to be 
where ν, , 0 , MgO , are, respectively, the frequency, the substrate permeability, the vacuum permittivity, the refractive index of MgO in the THz region (3.15 ± 0.05) [21] , and the PPWG plate separation, which is fixed by the substrate thickness. All MgO substrates used in this experiment had a thickness of 0.5 ± 0.015 mm; thus, we set d = 1 mm for all parameter extraction processes. Equation (2) can be used to deduce the real and imaginary parts of the graphene THz sheet conductivity. We notice that Eq. (2) was derived for the case of ideal contact of the interfaces between the substrate and the PPWG plates. However, it has been reported that sub-micron air gaps in the contact interfaces between the dielectric slab and the metal plates, dramatically affects the THz pulse of the fundamental transverse electromagnetic mode (TEM) [22] . In the particular case of TE 1 mode, the air-gap effect is less important since the electric field is zero along the PWWG walls [23] .
Results and discussion
We first compare spectra collected by the conventional transmission THz-TDS and the PPWG THz-TDS. Figure 4 shows transmittance spectra for Sample A taken by both methods. In the case of conventional THz-TDS, the spectra are nearly flat over the entire frequency range for both before and after annealing, with transmittance ~95% and ~98%, respectively. It should be noted that each transmission curve taken by conventional THz-TDS was averaged over 20 spectra. In the case of PPWG THz-TDS, the transmittance clearly shows some frequency dependence. The transmittance value is ~60% (~70%) before (after) annealing in the lowfrequency region while it increases to ~95% at the high-frequency end of the spectra. These results definitevely demonstrate the advantage of using PPWG TDS.
If the fundamental TE mode (TE 1 ) of the bare PPWG does not change much in the presence of graphene, a perturbation method [20] simplifies Eq. (1) to |T| ≈exp (-C S L), where C is a constant. From this expression, we see two important features of PPWG THz-TDS. First, a longer waveguide yields exponentially stronger absorption and thus a higher sensitivity. Second, the transmission decreases exponentially with increasing sheet conductivity; thus, tiny differences in conductivity substantially change transmission. These advantages of PPWG THz-TDS are demonstrated in Fig. 4 . From the perspective of mode propagation, we can consider the TE mode as a propagating plane wave bouncing between the waveguide plates with polarization parallel to the layer surface [24] . Due to the frequency cutoff of the TE 1 mode (ν c ≈0.06 THz), the free-space THz pulse is reshaped when traveling through the waveguide (inset of Fig. 3) , and the phase and group velocities become strongly frequency dependent. Lower-frequency components of the THz wave traverse the waveguide more slowly than higher-frequency components and hence experience a larger number of bounces. An increase in the number of bounces yields stronger absorption by the sample. Therefore, this dispersive nature of TE 1 mode provides a more efficient approach to the study of weakly conducting material. This fact is counterintuitive in THz spectroscopy since it is usually common to avoid such dispersion.
We also performed TM mode analysis of graphene in a PPWG. The two spectra of reference and sample (not shown here) overlap each other over the entire frequency range. Namely, the system is not capable of separating the sample absorption of the THz wave from other sources of uncertainty (e.g., misalignment, SNR of the detector). In fact, in a real 2D material like graphene, the electrons are confined in the sample plane. Consequently, when an electric field perpendicular to the surface (TM mode) is applied to the sample, there is no current induced, and thus, there is no THz absorption. The conductivity is zero in that direction.
Microscopically, the optical response of graphene in the THz range is mainly dominated by intraband free-carrier absorption [9, 10, 25] , describable by the Drude formula [26] [27] [28] [29] [30] [31] 
where Γ is the scattering rate and the Drude weight D is given by
Here, is the electronic charge,  is the reduced Planck constant, k B is the Boltzmann constant, and is the temperature. Figure 5 shows an example of the real and imaginary parts of the sheet conductivity for Sample A before annealing, together with fitting curves using the Drude formula. The conductivity is expressed in units of 0 , where 0 = πe 2 /2h ≈6.1 × 10 −5 S is the universal interband conductivity of graphene [28, 30, 31] Table 1 shows the fitting parameters of the Drude model extracted from the experimental data for both Sample A and Sample B: scattering rate, Γ (s −1 ), carrier density, (cm −2 ), and Fermi Energy, F (meV). It has been experimentally observed that adsorption of water and oxygen molecules dramatically changes the electromagnetic properties of graphene [10, 34] . In fact, transport measurements [35] revealed that charge transfer occurs between adsorbed molecules and graphene. Vacuum annealing described in the experimental section removes these adsorbed molecules [36] and additionally reduces PMMA residues and other impurities [37] . It can indeed be seen in Table 1 that the annealing process reduces the carrier density (N = 2.3 × 10 11 cm −2 for Sample A and N = 2.2 × 10 11 cm −2 for Sample B). These small numbers of densities were accurately determined by the PPWG THz-TDS method while normal THz-TDS could not detect any THz absorption after annealing, as also shown in Table 1 for Sample A. 
Conclusion
In summary, we have demonstrated that parallel-plate waveguide based THz spectroscopy is a powerful technique for characterizing 2D materials, using graphene as an example. This method has particular advantages at low frequencies due to longer interaction paths between the propagating THz wave and the 2D material, leading to a better sensitivity than the conventional THz spectroscopy techniques. Using this waveguide approach, we observed a substantial (~30%) change in transmission even for a sheet carrier density as low as 2 × 10 11 cm −2 whereas conventional normal-incidence transmission THz spectroscopy did not produce any signal for this low density.
